Abstract: Many antipredator adaptations are induced or mediated by the ability of the prey to recognize chemical cues from the predator. This ability is particularly advantageous for organisms whose environment precludes the effective use of other sensory systems, such as fossorial lizards. We tested the ability of the slow-worm, Anguis fragilis Linnaeus, 1758, a semifossorial legless lizard, to detect and discriminate chemical stimuli arising from potential predators. We compared rates of tongue-flicks to swabs impregnated with scents from the smooth snake (Coronella austriaca Laurenti, 1768), a sympatric predator, the grass snake (Natrix natrix (Linnaeus, 1758)), a sympatric but nonsaurophagous predator, and the three-toed skink (Chalcides striatus (Cuvier, 1829)), a sympatric insectivorous, and thus innocuous, skink. Differential tongue-flick rates suggest that scents of smooth snakes were recognized by slow-worms. Moreover, scents of smooth snakes were quickly avoided and elicited defensive behaviors much more often than any other scent, suggesting that chemical cues are a reliable means of assessing the snake's presence. These chemosensory capacities would be evolutionarily advantageous to avoid predation by snakes and are likely to represent a component of the suite of adaptations associated with low-visibility habitats.
Introduction
An important component of antipredator behavior is the ability to detect and recognize predators (Lima and Dill 1990) . Many antipredator adaptations are induced or mediated by the ability of the prey to recognize chemical cues from the predator (Kats and Dill 1998) . Some prey exposed to the scent of a potential predator often show behavioral changes and specific defensive responses (Van Damme et al. 1990; López and Martín 2001) . These changes of behavior should aid prey to avoid being captured by the predator. Thus, a higher responsiveness to predator scents may increase prey survival probabilities (Downes 2002) . However, according to the threat-sensitive hypothesis (Helfman 1989) , natural selection should favor individuals that take action appropriate to the magnitude of threat, which would require an accurate discrimination of predator from similar nonpredator stimuli.
Many species of snakes feed on lizards, and some lizards are able to detect and recognize snake scents with their highly developed vomeronasal system. For example, differential tongue-flick rates in response to chemical stimuli from saurophagous and non-saurophagous snakes have been found in several epigeal lacertid, scincid, and geckonid lizards (e.g., Thoen et al. 1986; Dial et al. 1989; Van Damme et al. 1990 ). Some lizards can recognize snake chemicals even without previous experience (Van Damme et al. 1995; Van Damme and Castilla 1996; Mori and Hasegawa 1999) . The ability to detect predators chemically is particularly advantageous for organisms whose activity patterns or environments preclude the effective use of other sensory systems (Petranka et al. 1987) . Because snakes are not always visible, their chemical stimuli may be particularly important for semifossorial lizards or for lizards in the same refuges where the use of visual cues is limited (Downes and Shine 1998) . However, there are few studies of chemosensory responses to predators in fossorial or semifossorial lizards Martín 1994, 2001) .
Anguids are a group of reptiles morphologically and functionally adapted to a semisubterranean life. The slow-worm, Anguis fragilis Linnaeus, 1758, is a livebearing, legless lizard widely distributed throughout Europe (Dely 1981; Cabela 1997; Salvador 1998a) . It occurs in herbaceous microhabitats with a high vegetation cover, where visibility is limited, and it is usually found under logs, flat stones, or tiles. Because of its secretive, semifossorial habits, few detailed studies have been made concerning its ecology (Stumpel 1985; Capula and Luiselli 1993; Capula et al. 1996) , although other aspects of its biology are well known (Dely 1981) . Slow-worms probably spend much of their active life underground or in thick herbage at the surface (Beebee and Griffiths 2000) . Some ambush snakes are known to be major predators of slow-worms (Galán 1988 (Galán , 1998 Salvador 1998a) , which probably accounts for the high proportion (50%-70%) of slow-worms with shed tails found in the field (Stumpel 1985; Vences 1993; Beebee and Griffiths 2000) . This suggests that A. fragilis might suffer a high risk of predation. Therefore, adaptations to these conditions of high predation risk, where visibility is limited, might have favored in slow-worms the evolution of chemosensory capabilities to detect and identify snake predators.
To test the ability of A. fragilis to detect and discriminate chemical stimuli arising from potential predators, we compared the tongue-flick rate to swabs impregnated with scents from the ambush smooth snake (Coronella austriaca Laurenti, 1768), a sympatric predator of A. fragilis, the grass snake (Natrix natrix (Linnaeus, 1758)), a sympatric but nonsaurophagous predator, and the three-toed skink (Chalcides striatus (Cuvier, 1829)), a sympatric insectivorous, and thus innocuous, skink. We also examined whether the detection of chemical stimuli from the predator snake induces defensive behavioral responses in slow-worms.
Methods

Study animals and maintenance
During spring 2002, we captured 26 adult slow-worms (snout-vent length, SVL: males, 172 ± 10 mm, n = 17; females, 153 ± 5 mm, n = 9) and 6 subadults (SVL: 110 ± 6 mm) by lifting stones in herbaceous microhabitats such as wet grassland, farmland, gardens, and woodland edges near Santiago de Compostela (A Coruña Province, northwestern Spain). We also captured in the same areas, and under stones similar to those occupied by slow-worms, two smooth snakes, two grass snakes, and two three-toed skinks to be used as sources of chemical scent stimuli. The smooth snake and the skink are both reptiles with semifossorial habits. The smooth snake is mainly saurophagous, includes many slowworms in its diet but also other lizards and some small mammals, and captures most of its prey under stones or in underground galleries (Galán 1988 (Galán , 1998 . The grass snake is non-saurophagous and eats mainly amphibians and a few fishes (Galán 1988; Braña 1998) , and the skink is insectivorous (Salvador 1998b) . All three species are sympatric with A. fragilis and are found in the same microhabitats (Galán 1988; Salvador 1998a) .
Slow-worms were individually housed in cages (36 cm × 25 cm × 13 cm) containing sawdust and tree bark for cover at the Laboratory of Terrestrial Fauna facilities of the University of A Coruña, close to the capture site. They were fed live earthworms (Lumbricus sp.) and slugs twice weekly, all of which were readily eaten. Humidity was provided twice a week with a water spray. The photoperiod was that of the surrounding region, but ambient temperature was maintained at 20°C. The slow-worms were held in captivity for at least 1 month before testing to allow acclimation to laboratory conditions and the experimenter's presence. Although skinks and snakes were housed in the same conditions as slowworms, slow-worms were housed separately to avoid contact with the scents and visual stimuli before they were tested. Species-appropriate food and water were provided ad libitum. The skinks were fed with tenebrio larvae (Tenebrio molitor Linnaeus, 1758) and other small insects (small crickets and bugs) taken under stones in the study area. To avoid using live lizards and live frogs as food, we fed the smooth snakes with small mice ("pinkies") that had been impregnated with scent of live lizards (feces and the secretion from femoral pores and skin of Bocage's lizards, Podarcis bocagei (Seoane, 1884), reared in captivity and maintained in our laboratory). We fed the grass snakes with captivereared goldfishes (Carassius auratus (Linnaeus, 1758)) that had been impregnated with scent (secretion from skin) of common toad (Bufo bufo (Linnaeus, 1758)) also reared in captivity. This method did not affect the lizards and toads, but their scent attracted the attention of the snakes to the mice or the fishes. With this method we were able to feed the snakes after some training. Because this is an artificial food, we added multivitamin powder to drinking water and kept the snakes in captivity for only 2 months. All the animals were healthy during the trials, all maintained or increased their original body mass, and all were returned to their exact capture site. The experiments were performed under license from the Consellería de Medioambiente de la Xunta de Galicia (the Environmental Agency of the local government of Galicia).
Experimental design and procedure
We compared tongue-flick (TF) rates of slow-worms in response to presentation of cotton applicators bearing the following chemical stimuli: (i) smooth snake (predator) scent, (ii) grass snake (non-saurophagous snake) scent, (iii) three-toed skink scent (reptile scent control), and (iv) deionized water (odorless control). We used water to gauge baseline tongue-flick rates (Cooper and Bughardt 1990) . We prepared the stimuli by dipping the cotton tip (1 cm) of a wooden applicator (10 cm) in deionized water and then rolling it over the skin surface around the cloacal area, which was often impregnated with cloacal fluid and feces, of the snake or skink. These secretions are likely to be deposited on substrates by snakes and skinks while moving. A new cotton swab was used in each trial. We tested each slow-worm with each stimulus once, and the order of presentation was counterbalanced. One trial was conducted per day for each animal. Trials were conducted between 15 and 30 June and between 0800 and 1100, when the slow-worms were fully active. Each individual was tested in its own cage, but 15 min before the trial the cage was opened and the tree bark was taken away.
The same experimenter performed all trials. To begin a trial, the experimenter slowly approached a cage and slowly moved the cotton swab to a position 2 cm anterior to the slow-worm's snout. Slow-worms allowed this approach without fleeing before they exhibited some TFs. Total numbers of TFs and TFs directed to the swab were recorded for 60 s beginning with the first directed TF. Non-directed TFs were calculated as the total number of TFs minus those directed to the swab. We also recorded the latency to the first TF, computed as the time elapsed between placement of the swab close to the slow-worm and the first directed TF.
We also investigated whether the chemosensory examination of chemical stimuli was accompanied by a shift in the slow-worm's initial normal behavior. We recorded changes in locomotor patterns and the occurrence of high-speed flights from the stimuli. When the slow-worm moved away from the stimulus, we quickly repositioned the swab in front of its head. We also recorded the occurrence of alternative defensive responses to the chemical stimuli, such as defensive bites directed to the swabs (López and Martín 2001) . Defensive bites were brief and followed by immediate retaliation. In contrast, feeding bites were of much longer duration and slow-worms did not flee from the prey stimuli. We also considered as a defensive response the occurrence of "escape saltation" behavior. This is a convulsive and fast movement pattern where the entire trunk is flipped from side to side. The curvature of the tail serves as a take-off point as the animal convulsively straightens its body. The movement is so convulsive that much of the animal's mass loses sliding contact with the ground. A similar behavior has been described as an antipredatory response in other legless reptiles such as amphisbaenians and pygopodids (Gans 1974; Bauer 1986; Greene 1988) .
To examine differences in the number of TFs and latency to the first TF among conditions, we used two-way repeated measures ANOVAs with treatment and sex/age (males versus females versus subadults) as factors. Data were transformed to ensure normality (Shapiro-Wilk test). Tests of homogeneity of variances (Levene's test) showed that in all cases variances were not significantly heterogeneous after transformation. Pairwise comparisons were planned using Tukey's honest significant difference (HSD) test. Differences in frequencies of defensive behaviors between treatments were evaluated with χ 2 and binomial tests (Sokal and Rohlf 1995) . All statistical tests are two-tailed.
Results
Tongue-flicking response
All the slow-worms directed TFs to the swab in all condi- Fig. 1 . Number (mean ± SE) of (a) tongue-flicks (TFs) directed to swabs, (b) number of TFs not directed to swabs, and (c) latency (s) to the first TF in response to deionized water or threetoed skink (Chalcides striatus), grass snake (Natrix natrix), or smooth snake (Coronella austriaca) stimuli on cotton-tipped applicators presented to Anguis fragilis for 60 s. The same letter above the bars indicates that means are not significantly different from each other.
tions. There were significant differences in directed TFs among stimulus conditions (repeated measures ANOVA, F [3, 87] = 20.65, p < 0.0001; Fig. 1a ), but there were no significant differences among sexes and age classes (F [2, 29] = 2.49, p = 0.10) and the interaction was not significant (F [6, 87] = 1.34, p = 0.25). The response to the deionized water was significantly lower than that to other stimuli (Tukey's test, p < 0.01 in all cases). Chemicals from smooth snakes elicited more directed TFs than the other conditions (p < 0.01, in all cases), and there were no differences between responses to the skink and the grass snake scents (p = 1.0). The number of non-directed TFs differed significantly among treatments (repeated measures ANOVA, F [3, 87] = 4.14, p = 0.008; Fig. 1b ), but differed significantly only between deionized water and grass snake stimuli (Tukey's test, p = 0.0018). There were no significant differences between all other conditions (p > 0.20 in all cases). There were no significant differences among sexes and age classes (F [2, 29] = 1.18, p = 0.32), but the interaction was significant (F [6, 87] = 0.85, p = 0.014). Males had significantly fewer non-directed TFs to the skink scent than females or subadults (p < 0.05). All other comparisons were nonsignificant (p > 0.40 in all cases).
Mean latency to the first directed TF differed significantly among conditions (repeated measures ANOVA, F [3, 87] = 3.98, p = 0.01; Fig. 1c ), but there were no significant differences among sexes and age classes (F [2, 29] = 0.32, p = 0.72) and the interaction was not significant (F [6, 87] = 1.14, p = 0.34). Latency to the first TF in response to deionized water was significantly longer than that in response to scents of smooth snakes (Tukey's test, p = 0.003) and grass snakes (p = 0.036). Latency to the first TF did not differ between deionized water and skink scent (p > 0.20), nor between scents of the skink and those of both snakes (p > 0.20 in all cases).
Behavioral defensive response
The number of slow-worms that were immobile or moving slowly before the start of the trials did not differ significantly among conditions (χ 2 = 1.83, 3 df, p = 0.61) (Table 1) . However, there were significant differences among stimulus conditions in the number of slow-worms that initiated movements after being exposed to the stimuli (χ 2 = 13.15, 3 df, p = 0.004) ( Table 1) . Significantly more slow-worms started to move and, usually, to emit nondirected TFs after we approached them with an applicator bearing scent of either species of snake than when the applicator bore scent of the skink. Based on the null hypothesis that the likelihood of starting to move was equal in all three conditions (two snakes and one skink), the probability that most movements occurred in response to snake scents was significant (30 vs. 5, binomial test, p = 0.009), but the numbers of slow-worms that started to move did not differ significantly between the two snake species (18 vs. 12, binomial test, p = 0.36). However, of the 17 slow-worms that not only started movement but rapidly fled from the stimuli to the opposite end of the cage, 16 fled from the scents of smooth snakes and only 1 fled from the scents of grass snakes (binomial test, p = 0.003). Moreover, with the smooth snake stimuli only, one slow-worm bit the swab and four others showed escape saltation behavior. Other stimuli did not elicit any defensive behavior.
Discussion
Our results show that slow-worms are able to discriminate between scents from a predator snake and other harmless species and to respond adequately to stimuli from dangerous snakes. Differential tongue-flick rates and shorter latencies suggest that scents of smooth snakes are quickly recognized by slow-worms. Moreover, stimuli of smooth snakes were quickly avoided by slow-worms much more often than any other scent, suggesting that chemical cues are a reliable means of assessing the snake's presence. Chemical cues may be more useful in detecting ambush predators (such as smooth snakes) than in detecting active foragers (Downes and Shine 1998) , and ambush predators are more likely to pose a predation threat to active foragers such as slow-worms. This result is similar to results of previous studies that suggest that other lizards are able to distinguish the odors of hazardous snakes from those of harmless snakes (e.g., Van Damme et al. 1995; Van Damme and Quick 2001) . Our knowledge of the specific chemicals that mediate antipredator responses in lizards is poor. However, evidence suggests that these chemicals are most likely lipids that originate from the integument of the predator or sex pheromones on which many snakes rely for sex recognition (Mason 1992) . However, further experiments are needed to ascertain the nature of "snake scents" detected by slow-worms.
Our results also show that more slow-worms started to move after being approached with applicators bearing scent of either species of snake. This response is similar to that observed in larval Ambystoma sp. salamanders that increased movement in response to predator chemicals in an effort to reach a refuge (Sih and Kats 1991) . Also, increased movement in toad larvae in response to an alarm substance may represent refuge-seeking behavior (Hews 1988 Table 1 . Numbers of slow-worms (Anguis fragilis) that were immobile or moving slowly before the onset of trials, and numbers of slow-worms that were initially immobile and remained immobile or initiated movements after being exposed to the stimuli.
presence of chemical cues from Vipera sp. snakes (Thoen et al. 1986; Van Damme et al. 1990; Van Damme and Castilla 1996) . These differences could be attributed to characteristics of the lizard species or to the foraging mode of the snake species tested. Vipers hunt in the open, and lizards probably reduced movements to avoid having the vipers locate them visually. However, the optimal antipredatory strategy upon finding chemical signals of an ambush snake that hunts hidden in crevices should be to quickly leave the area. This was confirmed by our results and has also been observed in the velvet gecko (Oedura lesueurii (Duméril and Bibron, 1836)), which avoids entering crevices containing scents of ambush snakes (Downes and Shine 1998) . In our experiment, most slow-worms fled from the smooth snake stimuli, but escape through thick vegetation may be slow and would not be effective against a direct attack. Thus, individuals may have to adopt alternative defensive behaviors, such as defensive bites or escape saltation, to avoid capture. Brief bursts of speed and creation of confusion may become critical factors in response to a predator attack. Thus, escape saltation may be an optimal defensive behavior of legless reptiles to mislead predators (Gans 1974; Bauer 1986; Greene 1988) , although it should have a high energy cost (Gans 1974) . Our results suggest that the smooth snake chemicals were detected by the initial tongue-flicks and that the escape saltation represents a defensive response to a perceived threat at close range. Slow-worms never changed their normal behavior with odorless control or skink stimuli. They remained still and quiet and never showed any stress behaviors or defensive postures while these stimuli were presented.
When slow-worms found chemicals of the nonsaurophagous grass snake, they also initially increased movements and the non-directed TF rate. However, the subsequent behavior clearly differed from that observed in response to the smooth snake stimuli (i.e., slow-worms did not flee from the swabs bearing grass snake scents). Moreover, differences in directed TF rates indicate that slow-worms discriminate grass snakes from smooth snakes. An explanation could be that even though grass snakes do not represent an actual predatory threat to slow-worms (Galán 1988) , even the potential risk of confounding the grass snake with a saurophagous snake may be enough to lead to display of an additional exploratory response (i.e., increasing the nondirected TF rate). Initially, slow-worms might detect an indeterminate "snake scent", but they should ensure that this is not from a predatory species by looking for additional information in nearby places. Although failure to respond to predator cues appropriately can be lethal, an excessive or unnecessary response also can have detrimental effects for prey (Belden et al. 2000) . Similarly, if predators are not uniformly risky to prey, prey may respond more strongly to predators that pose a greater threat, such as smooth snakes (Kats and Dill 1998) , and less strongly to less dangerous or harmless species such as grass snakes.
We conclude that slow-worms have developed the ability to discriminate, probably by means of the vomeronasal sense, chemical compounds of potentially harmful snakes from those of harmless ones and to produce an appropriate defensive response to them. These chemosensory capacities would be evolutionarily advantageous to avoid predation and likely represent a component of the suite of adaptations associated with low-visibility habitats or structurally complex habitats where prey may approach ambush predators or be approached by them without detecting them visually.
